Starting from the assumption that there is a large population (≥ 10 8 ) of isolated, stellar-mass black holes (IBH) distributed throughout our galaxy, we consider the detectable signatures of accretion from the interstellar medium (ISM) that may be associated with such a population. We simulate the nearby (radius 250 pc) part of this population, corresponding to the closest ∼ 35000 black holes, using current best estimates of the mass distribution of stellar mass black holes combined with two models for the velocity distribution of stellar-mass IBH which bracket likely possibilities. We distribute this population of objects appropriately within the different phases of the ISM and calculate the Bondi-Hoyle accretion rate, modified by a further dimensionless efficiency parameter λ. Assuming a simple prescription for radiatively inefficient accretion at low Eddington ratios, we calculate the X-ray luminosity of these objects, and similarly estimate the radio luminosity from relations found empirically for black holes accreting at low rates. The latter assumption depends crucially on whether or not the IBH accrete from the ISM in a manner which is axisymmetric enough to produce jets. Comparing the predicted X-ray fluxes with limits from hard X-ray surveys, we conclude that either the Bondi-Hoyle efficiency parameter λ is rather small (≤ 0.01), the velocities of the IBH are rather high, or some combination of both. The predicted radio flux densities correspond to a population of objects which, while below current survey limits, should be detectable with the Square Kilometre Array (SKA). Converting the simulated space velocities into proper motions, we further demonstrate that such IBH could be identified as faint high proper motion radio sources in SKA surveys.
INTRODUCTION
Stellar-mass ( < ∼ 15M⊙) black holes and neutron stars are the end points of massive star evolution. The neutron star population we can investigate both by their presence in binary systems (X-ray binaries or a small number of pulsar-pulsar binaries) or as part of an isolated population, most evident as forms of radio pulsar (e.g Keane & Kramer 2008 and references therein) . The population of stellar mass black hole candidates (hereafter referred to simply as black holes) is however less well understood, with fewer than fifty well studied objects, all of which are in X-ray binary systems (Lewin & van der Klis 2006 and references therein) .
Early estimates based on the star formation history of the Milky Way and the local mass density of stellar remnants put the total number of isolated, stellar-mass, black holes in our galaxy at ∼ 10 8 (e.g. Shapiro & Teukolsky 1983; van den Heuvel 1992) . This is broadly consistent with estimates of the rate of core collapse supernovae in our galaxy, and a ratio of total numbers of neutron stars to black holes in the range 3-10, depending on the slope of the IMF ⋆ email:r.fender@soton.ac.uk at high masses and the precise mass ranges for the formation of the two types of relativistic compact object.
What fraction of these black holes are likely to be isolated and not in binary or multiple systems? Most O-stars are found in binaries, with indications of a preference for massive companions rather than companions drawn from a standard initial mass function (e.g. Pinsonneault & Stanek 2006; Kobulnicky & Fryer 2007; Sana et al. 2012a,b) . Unbinding of a binary can take place in several ways -dynamical interactions; through mass loss during the evolution of the more massive star; through the supernova explosion of the initially more massive star; and through the supernova explosion of the initially less massive star. Additionally, mergers of stars during binary evolution will produce single black hole remnants from initially binary stars.
A rigorous calculation of the single fraction of stellar mass black holes is beyond the scope of this paper, but we can show that ∼ 1 2 or more of black holes will be single from fairly simple considerations. Sana et al. (2012a) find that about one quarter of O-stars merge with their companions during their evolution. They additionally find that the mass ratio distribution for O star binaries is consistent with being flat. An initial mass of more than about 30 solar masses is required to produce a black hole, stars with inital masses between 11 and 30 solar masses produce neutron stars through the collapse of an iron core, while from about 8 to 11 solar masses neutron stars may be produced through electron captures by ONeMg cores (Fryer et al. 2012) . We can thus find that, assuming a typical black hole progenitor mass of about 40 M⊙, that about half of black holes will have companions that will undergo iron core collapse supernovae. The neutron stars produced in these systems should have natal kicks with typical velocities large enough to unbind any binaries with orbital periods long enough not to have undergone mergers. Between these two mechanisms, we can thus be confident, despite the crudity of our approach, that a large fraction of black holes, and probably a majority of black holes, will be single stars.
If we crudely model the Milky Way as the combination of a disc component of thickness 0.5 kpc and radius 10 kpc, combined with a spherical bulge of radius 2 kpc, the total volume of the Galaxy is around 200 kpc 3 . Assuming that 10 8 isolated black holes (IBH) are spread uniformly throughout this volume, there should be about 5 × 10 5 per kpc 3 , with a mean separation of just over 10 pc. This estimate is rather more conservative than that of Shapiro & Teukolsky (1983) by about 30%, but significantly less so than Maccarone (2005) , who considered a larger scale height for IBH. Dynamical friction (Chandrasekhar 1943) would cause this population to drift towards the Galactic Centre, but this may not (yet) have strongly affected the population density at the radius of Sun. Note that nearest known strong black hole candidate, in the binary A0620-00, is at a distance of about 1 kpc (Cantrell et al. 2010 and references therein) .
This large population of isolated black holes (IBH) should all accrete at some level from the local interstellar medium (ISM), as should the related, larger, population of isolated neutron stars (INS). Several authors have considered how to find this population of weakly accreting objects via their optical (e.g. McDowell 1985) or X-ray (e.g. Bennett et al. 2002; Agol & Kamionkowski 2002 , Perna et al. 2003 ) radiation, or via microlensing (e.g. Agol et al. 2002b , Sartore & Treves 2010 . However, there is another possibility. A decade ago it was established that the relation between X-ray and radio luminosities from black hole X-ray binaries (BHXRBs) was non-linear, with a form LX ∝ L b radio where 0.6 ≤ b ≤ 0.7 over a range of six orders of magnitude in LX , albeit with sampling heavily weighted to the higher luminosities (Corbel et al. 2000; Gallo, Fender & Pooley 2003; Gallo et al. 2006; Corbel et al. 2012) . In recent years a more radio quiet branch has been found below the main correlation at higher luminosities (e.g. Coriat et al. 2011; Gallo, Miller & Fender 2012) , but this does not affect the analysis presented here unless this lower branch becomes dominant (and possibly even diverges) at low luminosities. The non-linear relation between radio and X-ray luminosities clearly implies that below some accretion rate, sources should be easier to detect in the radio band than via their optical or X-ray emission. This idea was discussed in depth by Maccarone (2005) , who demonstrated that future radio telescopes should be able to find significant numbers of IBH, and that the radio band was in fact a more effective route than searching for them with X-ray telescopes. This may be especially true for cases of accretion in the cold cores of molecular clouds which would suffer strong absorption at optical and X-ray wavelengths.
In this paper we perform a simulation of a large population of nearby IBH in order to investigate the detectability in radio and X-rays of this population. For the first time we also calculate the expected proper motions of the IBH population, and compare them to end-to-end simulations of future radio telescopes, to see if they could be detectable this way.
SIMULATION
A numerical Monte Carlo simulation was performed of a sample of black holes following the steps summarized in Fig 1 and described in more detail in the subsections below. The simulation was of variable size and tested repeatedly in order to refine our understanding of the key unknowns.
Mass distribution
The mass distribution of black holes in X-ray binary systems (XRBs) is not well understood, but has been known for some time to have an average value of around 7 M⊙ (Bailyn et al. 1998 (Bailyn et al. ).Özel et al. (2010 show that the distribution of 16 measured BH masses in XRBs can be represented by a Gaussian distribution with mean of 7.8 M⊙ and a standard deviation of 1.2 M⊙. This conclusion is consistent with a parallel study by Farr et al. (2011) . We use thë Ozel et al. distribution in our simulation. Three velocity distributions considered for the population of isolated black holes (for a single realisation of the simulation). At the lower end, we consider a Normal (Gaussian) distribution of velocities with velocity dispersion 15 km s −1 , at the upper end we consider a velocity dispersion of 40 km s −1 as well as the Hobbs et al. (2005) velocity distribution for radio pulsars divided by the mean IBH:NS mass ratio of 5.6. Other distributions are of course possible but probably fall in the range covered by these extremes.
Velocity distribution
The distribution of 3D space velocities of IBH, v3D, is essentially unknown (unsurprisingly since no IBH has yet been identified). However, the velocity distribution of nearby stars is relatively well measured, and is a function of spectral type, with one dimensional velocity distribution σ1D ∼ 15 km s −1 for nearby early type (M ≥ 2M⊙) stars, and σ1D ∼ 40 km s −1 for nearby late type (M ≤ 1M⊙) stars (e.g. Dehnen & Binney 1998 and references therein) . We consider the scenario in which the IBH have the velocity dispersion of the nearby early-type stars as a lower limit to their peculiar velocities. This is referred to in the rest of the paper as the 'no kick' scenario.
We may also consider that the IBH receive a kick during the supernova explosions associated with their formation. One way to do this is to take the distribution measured for NS and extrapolate this to BH under the assumption that the impulses given in the supernova explosion are comparable. For NS, we follow Hobbs et al. (2005) , in which the 3D space velocity distribution for NS is given by a Maxwellian distribution with scale parameter 265 km s −1 . In converting this for the BH, taking a ratio of mean BH to NS masses of 7.8/1.4 = 5.6, we simply assume conservation of momentum and divide the NS velocity distribution by 5.6 to get the BH velocity distribution. This is referred to in the rest of the paper as the 'large kick' scenario. For further discussions on observational constraints on black hole kicks, see e.g. Mirabel & Rodrigues (2003) , Jonker & Nelemans (2004) , Gualandris et al. (2005); Miller-Jones et al. (2009) .
Note that there are other, differing, descriptions of the NS velocity distribution, such as that put forward by Arzoumanian, Chernoff & Cordes (2002) . In their distribution there is a larger number of low velocity neutron stars compared to the Hobbs et al. (2005) distribution. In terms of considering a wide range of velocity distributions for the IBH population being simulated, this is in the direction of the 'no kick' scenario, and so we continue to consider the Hobbs et al. distribution as the extreme for the 'large kick' scenario. Equally, considering the higher velocity dispersion of late type stars shifts the results in the direction of the 'large kick' scenario, and so these two scenarios, 'no kick' and 'large kick', should bracket all the likely possibilities (although of course we simply cannot exclude the possibility that there are some very high velocity IBH). The velocity distributions for these scenarios are plotted in Fig 2. 
Properties of the interstellar medium
In this analysis we use the mean properties of the ISM within our galaxy, derived from those tabulated in Longair (1997; acknowledged as originating with Dr John Richer). We consider four components of the ISM, with their corresponding volume fraction, mass fraction, density, temperature and sound speed. The sound speed cs is calculated under the assumption that, for gases in pressure balance, cs ∝ T 1/2 , where T is the gas temperature. The mean properties of these four components are given in table 1. For each component we actually simulate a range of values corresponding to a Normal distribution centred on the mean and with a dispersion of 20%. However the effect of these broader ISM distributions is in fact almost completely dominated by the distribution of black hole velocities when calculating the Bondi accretion rate.
However, it is also widely accepted that the local ISM is in general relatively hot and tenuous on scales of ∼ 70 pc in all directions (Frisch, Redfield & Slavin 2011 and references therein), the so-called Local Hot Bubble (LHB). The LHB is not uniformly hot and tenuous, however, and contains both warm and cold clouds (Frisch et al. 2011; Peek et al. 2011) . Objects within this bubble are of course very important for the proper motions part of this investigation, and so we need to consider this aspect carefully.
In fact the filling factor of cooler gas within the LHB is not well known, but on scales between 15-70 pc is likely to be < ∼ 1% (Frisch, Redfield & Slavin, private communications) . However, very close to The Sun, within 15 pc, there is a local overconcentration of warm clouds, with a volume filling factor of ∼ 10%. Based on the number density estimated earlier, this volume of radius 15 pc should contain 5-10 IBH, which means that at most one should currently be accreting from these local clouds.
In order to account for the LHB and the local warm clouds, it is simplest to assume that within a radius of 70 pc all the gas is in the coronal phase, but we note that there is a reasonable chance that one IBH may be accreting from one of the local warm clouds.
Calculation of accretion rates
With a distribution of BH masses and space velocities, combined with densities and sound speeds of the four major phases of the ISM, we are able to calculate the Bondi-Hoyle-Lyttleton accretion rates for the set of simulated objects, using the following equation:
which originates with Hoyle & Lyttleton (1939) and Bondi & Hoyle (1944) , where G is the Gravitational constant, MBH is the BH mass, ρ is the density of the gas, vBH is the space velocity of the BH and cs is the sound speed of the accreting gas. The parameterisation of the accretion efficiency relative to the Bondi-Hoyle rate, λ, is rather hard to estimate. Agol & Kamionkowski (2002a) assumed λ = 1, however this is likely to be far too optimistic. As noted in Perna et al. (2003) and references therein, there would be a large population of bright X-ray sources corresponding to nearby isolated neutron stars if this were the case, but these are not observed. Table 1 . The four main phases of the ISM, simplified. The volume filling factor, mean number density, and mean sound speed are used directly in the simulations, in which the properties of each each phase of the ISM are calculated assuming a normal (Gaussian) distribution based on the means, with a 20% dispersion. The tabulated values are simplified and derived from Longair (1997), who in turn attributes them to Richer.
our simulation and current hard X-ray survey limits to place further constraints on this.
Radiative luminosity (X-ray emission)
For radiatively efficient accretion at relatively high rates onto a BH, the radiative efficiency η ∼ 0.1, where luminosity is related to accretion rate as L = ηṁc 2 . This should be similar to that for NS. However, it has been argued that at low accretion rates much of the available accretion power is advected across the black hole event horizon in hot, low density flows (Ichimaru 1977; Narayan & Yi 1995) .
One commonly used formulation is to assume that the radiative efficiency of black hole accretion decreases linearly with accretion rate below some threshold at around 1% of the Eddington accretion rate. This in turn leads to a quadratic dependence of accretion luminosity on accretion rate for low luminosity sources, L ∝ṁ 2 . There is some observational evidence that this is approximately the right scaling (Koerding, Fender & Migliari 2006) , although it is far from conclusive.
In calculating the radiative efficiency of the BH in our simulation, we therefore use the following formulation:
whereṁcrit is the accretion rate corresponding to 1% of the Eddington luminosity for a 7 M⊙ black hole accreting with η = 0.1 (1.1 × 10 17 g s −1 ).
Jets (radio emission)
Fender (2001) established that all hard state accreting black holes (which includes, but is not exclusive to, all BH observed at less than about 1% of their Eddington luminosity) produce GHz radio emission with a more or less flat spectrum (possibly extending as low as 300 MHz and as high as the near-infrared band), indicative of a compact partially self-absorbed jet like those originally postulated to explain the radio cores of AGN (Blandford & Königl 1979) . As discussed in the introduction, observed correlations between accretion flows and GHz-frequency radio emission suggest a relatively simple scaling over many orders of magnitude in accretion rate.
In many models of jet formation, it is assumed that -unlike the radiative output (see above) -the jet kinetic power is linearly proportional to the accretion rate (Meier 2003 and references therein) . Körding et al. (2006) established an empirical relation between this jet power and the radio luminosity of a source, which can be simplified to:
ignoring two terms of order unity (which we cannot in any case estimate more accurately in this analysis). This and other relations estimated in Koerding et al. (2006) are broadly consistent with other approaches to the same problem based on studies of AGN (La Franca, Melini & Fiore 2010 and references therein). We apply this formula to the calculated accretion rates to derive the radio luminosities of the accreting isolated black holes.
Distances and fluxes
Assuming that we are situated close to the midplane of the Galactic disc, a simulation of a sphere centred on us and extending to the 'edges' of the disc (i.e. radius 250 pc), should contain around 3.5 × 10 3 black holes. In order to calculate the observable fluxes from the simulation, we simply assume that these IBH are randomly distributed within the sphere of radius 250 pc centred on the Sun, and calculate the observed flux densities.
For the radio emission, we assume a relation between the radio luminosity and the GHz spectral luminosity (Lν) based on a flat (spectral index α = 0, where Sν ∝ ν α ) radio spectrum:
For the X-ray emission, we need to convert between the total radiative luminosity, L, and the hard X-ray luminosity, LX , which we use below for comparison with existing hard X-ray surveys. Assuming that the total radiative luminosity is represented by a power law of photon index +1.6 (spectral index α = −0.6), then the bolometric correction is approximately 0.3, where
This is based upon a typical hard state black hole spectrum, which should be appropriate at low accretion rates. The X-ray flux and radio flux density are simply calculated by assuming isotropic emission and dividing LX and Lν respectively by 4πd 2 .
Proper motions
We now have a set of BH, accreting from all four main phases of the ISM, for which we have calculated the observed flux density. For each of these, under the assumption that their 3D velocity, v3D, is randomly oriented in space, we can convert to a projected 2D transverse velocity vt by simply assuming that the angle between the 3D velocity vector and the line of sight is uniformly distributed in cosine. The relation simplifies to: vt = (1 − x 2 )v3D where x is randomly distributed in the range 0 ≤ x ≤ 1.
For a complete simulation of the proper motion we would need c 0000 RAS, MNRAS 000, 000-000 Figure 3. Constraints on black hole kicks and Bondi-Hoyle accretion parameter, λ, from our simulations. Each panel plots X-ray flux vs. radio flux density as a 3D histogram for a simulation of 34 340 IBH in a local spherical volume of radius 250pc. The strong correlation between radio and X-ray fluxes is set by the prescriptions in the text, the discontinuity at low accretion rates reflects the fact that we have set all the ISM within 70 pc to be in the hot phase. The solid lines indicate approximate source detection limits from the FIRST and NVSS radio surveys at ∼ 1 mJy and hard X-ray limits from INTEGRAL IBIS/ISGRI and Swift BAT at 10 −11 erg s −1 . The dashed lines indicate the predicted future sensitivity for SKA surveys (dashed lines) of 1 µJy. For a low velocity dispersion and no kicks, λ = 0.01 (top left) corresponds to a significant (10-100) population of objects expected in the existing surveys. Larger values for λ are essentially ruled out unless there are very large kicks, exceeding the momenta associated with neutron star kicks. The probable lack of sources in existing X-ray catalogues implies that λ ≤ 0.01 or that black holes have significant kicks. For all four scenarios a population of radio sources detectable with SKA surveys is predicted. At lower values of λ this population of IBH will remain undetected even in the era of the SKA.
to add to these proper motions a component associated with the differential rotation of the galaxy (Oort 1972) . On the scale of the local sphere simulated here, these are minor effects, with a maximum amplitude of 7.5 km s −1 , and resulting maximum proper motion of ∼ 6 mas yr −1 . However, at distances above about 500 pc they can come to dominate if the IBH are born with low velocities. Since our key results are going to be dominated by much more nearby sources we do not apply these components.
Under these assumptions we have, finally, a set of objects for which we have X-ray and radio fluxes and proper motions. We are able to compare these to the capabilities of current and future X-ray and radio telescopes including.
RESULTS
In this section we shall highlight the key results from our simulations. Firstly, we tackle the issue of the two key parameters, namely the IBH velocity distribution and the effciency of Bondi-Hoyle accretion.
Limits on black hole kicks and Bondi-Hoyle efficiency
We can place limits on the Bondi-Hoyle efficiency parameter λ, by comparing our results with all-sky hard X-ray and radio surveys (hard X-rays, above a few keV, are necessary, because in the highest accretion rate environments there can be a lot of local absorbing column density). The 4th INTEGRAL IBIS/ISGRI soft gamma-ray survey catalog (17-100 keV; Bird et al. 2010 ) and the 54 month Swift-BAT hard X-ray catalogue (15-150 keV; Cusumano et al. 2010) both reach limits (for ≥ 90% sky coverage) of around 10 −11 erg s −1 . At these flux limits, each survey has a small number of genuinely unidentified sources, but probably not an entire missing population. The IBIS/ISGRI catalogue gives a relatively high figure of 29% unidentified objects of the ∼ 700 in the catalogue, but notes that this is mostly due to the poor angular resolution at hard X-rays making cross-identification with other wavelengths difficult. In the coming decade, these limits are only likely to be superceded by the hard component of the eROSIAT surveys (Merloni et al. 2012 ).
In the radio band, the most comprehensive surveys are FIRST (Becker, White & Helfand 1995) and NVSS (Condon et al. 1998) , performed with the VLA. These surveys have very large source lists, over one million catalogued objects in NVSS to a completeness limit of ∼ 2.5 mJy, but they do not have any attempted test for proper motion based on cross-catalogue comparisons. Without the proper motions it is almost impossible to attempt to find a small population of faint objects such as those discussed here. These existing X-ray and radio survey limits are indicated by the solid lines in Fig 3, where they are compared to a set of our simulations.
The current constraints combined with future survey limits for the SKA turn out to be very interesting when compared to our simulations. We can set limits to the boundaries of interesting parameter space by noting that for λ = 10 −4 and below none of these IBH are likely to ever be detectable. We focus instead on the four scenarios (λ = 10 −2 , 10 −3 ) × (no kick, large kick). The largest fluxes are of course produced for (λ = 10 −2 , no kick) which predicts 10-20 X-ray sources above the INTEGRAL-IBIS / Swift-BAT survey limits within 250 pc, corresponding to a possible total population of ∼ 100 objects in the catalogues. This is likely to exceed the maximum number of IBH which could be 'hidden' in these surveys, as discussed above. For the other three scenarios no significant population of X-ray objects would be present in the existing X-ray surveys. Considering the radio fluxes, only the (λ = 10 −2 , no kick) scenario corresponds to any sources which could already be in the NVSS or FIRST catalogues (and then only a handful). However, with two orders of magnitude greater sensitivity, all four scenarios predict populations of radio sources which could be detectable with the SKA (dashed lines in Fig 3) .
DETECTION VIA PROPER MOTIONS
As well as radio and X-ray fluxes, the simulation delivers the proper motions of the IBH population on the sky. In the radio band, source counts at sub-mJy flux densities are dominated by active galactic nuclei, starburst and other types of galaxies (e.g. Seymour et al. 2008; Padovani 2011 ), which will have unmeasurably small proper motions (smaller than those estimated here for the nearby IBH by several orders of magnitude). Therefore any faint radio source with high proper motion is likely to be of interest. Fig 4 presents the simulated population of objects as a function of both their radio flux and proper motions. In the following section we explore whether the Square Kilometer Array (Carilli & Rawlings 2004; Hall 2004) would be able to identify these IBH via their proper motions as part of its wide field surveys.
Comparison with SKA simulations
We demonstrate the feasibility of detecting IBH with the final dish component of the Phase 2 Square Kilometre Array (SKA2) by computing a full imaging simulation based on a hypothetical multiepoch survey. This requires three components, namely a model for the sky, a description of the observing programme and the specifications of the instrument. To perform a SKA2 simulation in the truest sense of the word is computationally not feasible, thus several simplifications are made which are described and justified in the sections that follow.
Assumed SKA2 specifications
Our assumed specifications of the SKA2 are drawn from those published by Dewdney et al. (2010) and are summarised in Table 2 . The array consists of 243 stations, each of which is assumed to consist of 12 dishes with diameters of 15 m equipped with singlepixel feeds. These dishes are beamformed at the station level and these 243 beamformed signals are then cross-correlated. This approach is analogous to that of the LOFAR telescope where signals from individual dipoles are beamformed at each station before being transmitted to the central correlator.
The stations are arranged according to four zones, each of which has a percentage of the collecting area within a certain radius: core (0 < r < 0.5 km, 20%), inner (0.5 < r < 2.5 km, 30%), 1 GHz mid (2.5 < r < 180 km, 30%) and remote (180 < r < 3000 km, 20%). Obviously the final placement of the dish stations within the SKA will be strongly influenced by the geography of the African host nations. A generic configuration is adopted here, featuring a random distribution in the core (with constraint to avoid station overlap), five log-spiral arms describing the inner and mid regions, and a log-spacing in radius with a random azimuthal placement for the remote stations.
Sky model and survey strategy
For the idealised sky we use the simulated catalogue of extragalactic radio continuum sources described by Wilman et al. (2008) , selecting all the sources in a randomly chosen 3×3 arcminute patch of the simulated sky. The simulation reaches a flux limit of 10 nJy and models sources with a combination of discrete points and extended two-dimensional Gaussians. A list of sources is extracted using the online SQL interface 1 to the SKA Simulated Skies database and to this catalogue we add a point source near the centre of the field representing an IBH. The radio flux density of the IBH is assumed to be 10 µJy, and it has a proper motion corresponding to a projected angular motion of 0.2 arcseconds year −1 . Including the IBH the model radio sky in these 9 arcmin 2 contains 1915 discrete radio sources.
We assume that the SKA2 observes the patch of sky containing the IBH as part of a moderately deep sky survey at 1-2 GHz, with a total on-source time of 3 hours per pointing. Each pointing consists of six 30-minute scans within an hour angle spread of eight hours. This same survey is then repeated precisely one year later, although the starting hour angle and the scan separation are shifted in order to change the point-spread function 2 . The instantaneous field of view of a 15 metre dish (see Section 4.2) at these frequencies spans approximately 1 degree. Imaging the whole field of view at the resolution afforded by uniform weighting of the visibilities (∼0.1 arcseconds) would require an image containing approximately 10 gigapixels assuming the usual three pixels per resolution element. This is clearly overkill for this simulation, hence our restriction of the field of view to 3×3 arcminutes: we simply assess the IBH detection feasibility against a typical radio source background and assume that the effects of bright confusing sources outside this region can be suppressed, either by deconvolution or modelling and subtraction in the visibility domain. No attenuation of the sky due to primary beam effects is applied.
Although any high frequency capabilities of the SKA are still uncertain, the simulation is also repeated for a 5 GHz observation using a sky model derived from the 4.8 GHz fluxes from the continuum simulation. The IBH source is assumed to be spectrally flat between (α = 0) 1.5 and 5 GHz.
Simulated images
The simulated maps from the two epochs of the hypothetical survey are generated by constructing and imaging a set of model visibilities with appropriate perturbations due to thermal noise. The CASA 3 package is used to generate an empty Measurement Set containing u, v, w, t, ν points consistent with the station positions and observational parameters defined in Section 4.2. Model visibilities are then written to this database using the MeqTrees package (Noordam 2010 ) with the source catalogue described in Section 4.3 as the sky model. For the second epoch the process is repeated with the position of the IBH is shifted by 0.2 arcseconds.
The rms noise added to each visibility and the corresponding map noise (Thompson et al. 2001 ) are given by
and σmap = wrms wmean 2kBTsys ηQηAA ns (ns − 1) ∆ντ
respectively where A is the geometric collecting area of the station, ∆t is the integration time per visibility point, τ is the total onsource time, wrms and wmean are the mean and rms values of the imaging weight factors and the rest of the symbols are as defined in Table 2 . For a naturally weighted map the ratio of the weight factors is 1. The ratios for the two uniformly-weighted maps we generate for this simulation are 3.04 and 3.02.
The main panel of Figure 5 shows the uniformly-weighted image of the field containing the IBH for the first simulated epoch.
Note that unlike natural weighting, uniform weighting does not offer a single characteristic resolution; rather there is a trade-off between resolution and sensitivity that depends on the extent of the image. The rms noise in this image is 0.2 µJy beam −1 , in very close agreement to the theoretical value of 0.21 µJy beam −1 derived from Equation 2. For clarity this image has been convolved with Gaussian beam with a full-width half-maximum spanning 0.9 arcseconds, artificially degrading the resolution of the image by a factor ≃9. This image has been deconvolved non-interactively using ten thousand clean components. This blind deconvolution is the likely cause of the discrepancy between the measured and theoretical background rms levels. The IBH is near the centre, in the region marked 'B'. A residual image of region B formed by subtracting the images of the two epochs is shown in the lower-right panel. The characteristic positive-negative emission is a result of the shifting position of the IBH. Figure 6 shows a small area of the image resulting from the subtraction of the two simulated epochs in the 5 GHz simulation. Again there is a characteristic negative counterpart to the radio continuum source associated with the IBH. The resolution advantage afforded by moving up to 5 GHz is clear when comparing this figure to region B in Figure 5 . The increased resolution would allow the detection of sources with much lower apparent proper motions. The disadvantage arises from the fact that the sky area covered by a single pointing of a radio telescope is proportional to ν −2 , and a search for IBH within multi-epoch sky surveys relies on significant sky coverage. The decrease in survey speed at 5 GHz may be tempered somewhat by the fact that at higher resolution and higher frequencies it takes longer for an observation to reach the classical confusion limit, although this is not a limiting factor in the 1-2 GHz simulation presented above.
As a cautionary tale for future image plane transient searches, the panel in the upper-right of Figure 5 shows a residual image of region 'A' around the brightest (50 µJy) point source in the field. Although the sheer number and layout of the receptors of the SKA result in excellent sidelobe performance, this image is included as a reminder that caution must still be exercised. Due to the differing PSFs between observation epochs, incomplete deconvolution (as is the case here) or inadequate subtraction of bright sources in the field will leave spurious artefacts in residual images which are at similar levels to the sources we wish to detect. Intelligent algorithms for rejecting such features must be a key component when differencing radio maps to locate transient phenomena. The fitted restoring beams in the uniformly weighted images of the two simulated survey epochs at 1-2 GHz are 0.194 × 0.116 arcseconds (PA = 56.65 degrees) and 0.189 × 0.132 (PA = 56.84 degrees). Although we have demonstrated via a full simulation the feasibility with which the SKA2 could detect an IBH with favourable flux and motion characteristics, the results of this section can be easily adapted to analytically assess the detectability of any member of the IBH population for arbitrary observing strategies.
DISCUSSION AND CONCLUSIONS
In this paper we have tried to see how a nearby population of black holes, which have not revealed themselves in large numbers to date in existing X-ray surveys, might be detected. The rewards of identifying the right strategy may be high, as the detection of a black hole at a distance of only a few pc would be of great interest to astrophysicists and relativists (although it is worth noting that even then, Sgr A* would have a larger projected size on the sky).
The comparison of predicted X-ray luminosities with existing surveys reinforces the conclusions of Perna et al. (2003) , who considered the population of nearby neutron stars, that the accretion rates onto nearby compact objects must be orders of magnitude lower than the naïve Bondi-Hoyle predictions. The prospects for future deeper hard X-ray surveys which might find this population of faint objects are not particularly good, and it may be that the limits from INTEGRAL-IBIS and Swift-BAT remain the state of the art for some time. The best prospect in the near future is the hard band (2-10 keV) component of the eROSITA survey (Merloni et al. 2012) which, with a possible order or magnitude improvement in sensitivity, could detect the bright end of the population. However, as we have shown, if isolated black holes have a similar relation between accretion rate and radio luminosity as other low Eddington ratio black holes, a significant population of them may be detectable with future radio telescopes, most notably the SKA. Of course this is the crucial assumption -whether or not sources undergoing Bondi accretion from the ISM by a black hole with relatively high velocity will have accretion flow axisymmetic enough to produce jets as powerful as those produced by X-ray binaries and low luminosity AGN (the latter incorporating a mass scaling, e.g. Gultekin et al. 2009 ). We note that very recently Barkov, Khangulyan & Popov (2012) have argued that IBH can produce jets, even without the formation of a large accretion disc, via the Blandford-Znajek (1977) mechanism (although of course whether or not the B-Z mechanism actually operates in nature is unclear -see Fender, Gallo & Russell (2010) and Narayan & McClintock (2012) ). It has further been argued that the Bondi prescription itself is not appropriate in the presence of angular momentum (Power, Nayakshin & King 2011) , and the accretion flows produced in numerical simulations can exhibit complex behaviour (e.g. Blondin & Raymer 2012). Nevertheless, if the IBH really are radio sources with the predicted luminosities, then it should be possible to pick them out of future repeated wide-field, deep radio surveys, as faint radio sources with measurable proper motions, setting them apart from the rest of the sub-mJy population which is dominated by distant AGN and starburst galaxies with no measurable proper motions. The SKA as currently envisaged, is clearly capable of making such measurements, but whether or not it would is currently not clear. In the simulation presented here, a one degree field (at 1.5 GHz) is observed with single pixel feeds (SPFs) for three hours, and easily detects the high proper motion IBH. In our simulations, between 10-100 IBH are detectable via their proper motions, which implies that at least a quarter of the sky would need to be imaged twice in order to detect a handful of IBH. This implies the observation of around 20 000 fields which, at 3 hr per observation, corresponds to about seven years of observing. The observation of wider fields with phased array feeds (PAFs) such as those being developed for WSRT/APERTIF and ASKAP, with a 30 deg 2 field of view, would of course dramatically reduce this time -at the same sensitivity (i.e. bandwidth), seven years would become a few months. In reality, the bandwidth achievable by the FPAs is probably not as great as that for the SPFs, and so the survey time is likely to lie between these two extrema.
Considering again Figure 4 , we can see that we are in fact more likely to detect a population of nearby IBH if they do not have very large kicks. This is because the angular resolution of the SKA (and indeed many current radio interferometers and optical telescopes) is already good enough to measure the proper motions of nearby objects with relatively small velocity dispersions, and the reduction in accretion rate due to high space velocities is much more of an issue. It is also worth considering that basing our assumptions about the mass distribution of IBH on that measured for X-ray binaries may be incorrect, and that field IBH may have a large mean mass and broader mass distribution. Since the relation between radio luminosity and black hole mass is close to cubic, this could be an extremely important term.
What about optical emission? In most low-accretion rate black holes, the optical emission is dominated by reprocessing by the outer accretion disc of X-rays from the innermost parts of the flow or by the companion star (e.g. Russell et al. 2006 and referencetherein) . Given the highly uncertain geometry of Bondi accretion it seems rather unlikely that a large enough disc forms for this reprocessing to occur, and there will of course be no companion star. However, there is good evidence that flat-spectrum (α = 0) emission from the jet (if it exists) might extend to the near-infrared or even optical bands (e.g. Corbel & Fender 2002; Gandhi et al. 2011) . Such emission could potentially be detected from a handful of nearby IBH by deep wide-field surveys such as UKIDSS (Lawrence et al. 2007) or WISE (Wright et al. 2010) , although finding such objects in these surveys without any additional information seems highly unlikely.
Finally, is there any chance to find these IBH now in any existing data? It is possible that a small number of these objects are there in existing X-ray or radio studies but, as noted earlier, the poor angular resolution in the hard X-ray band makes it very hard to identify the radio counterparts of faint X-ray sources (and vice versa). However, the numbers of IBH also reveal the possibility that there may be a black hole (or, even more likely, neutron star) accreting from the very nearest clouds in the ISM (those within 15 pc). Careful X-ray and radio observations of these clouds just might reveal the presence of such an object.
